[1] During the 2000 Texas Air Quality Study (TexAQS) and 2006 Texas Air Quality Study (TexAQS II) field experiments, aircraft measured ozone concentrations upwind, across, and downwind of the Houston and Dallas urban areas. Background ozone transported into Houston contributed, on average, approximately 50% and 66% of the total ozone on 8-h ozone exceedance days investigated by aircraft flights during TexAQS and TexAQS II, respectively. Analysis of a flight over Dallas on one exceedance day showed that transported ozone constituted 72% of the total ozone concentration. The aircraft measurements show that these two major metropolitan areas can be brought close to exceeding the 1997 8-h National Ambient Air Quality Standard for ozone of 0.08 ppm solely by the ozone contribution of regional transport before additional contribution from local sources. Large local contributions were also observed, particularly in Houston. Transport contributions to Dallas area ozone were quantified using the Comprehensive Air Quality Model with Extensions (CAMx) photochemical grid model and source apportionment methods. Model-predicted ozone concentrations were compared to ozone measurements from the aircraft and the surface monitoring network, and showed agreement on the importance of regional transport and local ozone formation. These results emphasize the benefits of regional control strategies, and suggest that local controls alone may not be sufficient to ensure attainment of the 8-h ozone standard in Houston and Dallas. 
Introduction
[2] Measured ozone concentrations are the result of ozone formation and loss due to local sources of precursor emissions, transport of ozone and precursors from nearby or distant regions, and complex, nonlinear interactions between local and transported ozone and precursors. It is important to separately quantify the relative contributions of local sources of emissions and regional transport in order to design effective ozone control strategies. The change in 1997 from a 1-h, 0.12 ppm ozone U. S. National Ambient Air Quality Standard (NAAQS) to an 8-h, 0.08 ppm ozone standard enhanced the importance of the contribution from regional ozone in determining the ozone attainment status of U.S. metropolitan areas [NARSTO, 2000] . In March, 2008 the Environmental Protection Agency (EPA) announced that it is revising the primary National Ambient Air Quality Standard for ozone from 0.08 ppm to 0.075 ppm. The results are discussed here relative to the 0.08 ppm standard that was in place at the time of the measurements. The implications of our findings for future exceedances of the 0.075 ppm standard are discussed briefly in the final section.
[3] The relative contributions of regional and local sources of ozone have been quantified through direct measurements in several U.S. urban areas outside of Texas. Kleinman et al. [2000] reported findings from flights upwind and downwind of the New York City urban area, and determined the local ozone contribution from measurements made during flight segments upwind of the City and within the urban plume. They found background ozone concentrations upwind of the urban plume ranging from 35 ppbv to 80 ppbv on the 4 flights they selected for analysis. Data from 23 flights upwind and downwind of Phoenix were analyzed by Nunnermacker et al. [2004] , who determined that the background ozone contribution had a median of 51 ppbv and a maximum value of 84 ppbv over the course of the experiment. Nunnermacker et al. [1998] reported on the Southern Oxidants Study in which multiple aircraft measured the Nashville urban plume on 2 days during the summer of 1995. On these 2 days, the aircraft measured background concentrations of approximately 56-80 ppbv. Fast et al. [2002] made aircraft and ozonesonde measurements of elevated layers of ozone above Philadelphia during the early morning and then quantified the relative contributions from local precursor emissions and regional transport using a chemical transport model. They found that during high-ozone episodes most of the surface ozone was produced from local precursor emissions, but that, depending on the day, as much as 30-40% of the total surface ozone could be attributed to transported ozone. In summary, there is agreement among all of the measurement campaigns noted above that regional transport can make an important contribution to the total ozone measured in these urban areas.
[4] The Houston and Dallas metropolitan areas are each home to approximately 5 million people and exceed the NAAQS (i.e., are designated as nonattainment areas for 8-h ozone). Houston is a port city with extensive petrochemical production and refining facilities. Emissions of highly reactive volatile organic compounds from these facilities have been shown to result in ozone production rates and concentrations that are higher than those found in urban areas with a more typical mix of anthropogenic emissions [Kleinman et al., 2002; Ryerson et al., 2003 ]. Houston's meteorology is also favorable for ozone production, with a sea breeze circulation that can confine pollutants to the urban area, thereby contributing to high ozone levels [Banta et al., 2005] . The Dallas area ozone problem is more typical of large U.S. cities, with volatile organic compound (VOC) and nitrogen oxide (NO x ) emissions dominated by mobile sources [Olaguer et al., 2006] . Analysis of surface monitor data has shown that transport of ozone into the Houston and Dallas areas can contribute to high ozone in both of these cities .
[5] Here, we combine measurements from aircraft flights and from the surface monitoring networks to estimate the contribution of the regional transport of ozone relative to local ozone formation in the Houston and Dallas urban areas, and compare these measurement-based estimates to model results. On the relatively few days when the aircraft data are available, the contribution of the regional transport of ozone is estimated from the average ozone measured during transects upwind of an urban area. The average upwind ozone concentration will be referred to here as the background ozone concentration. It should be noted that this upwind ozone concentration is background only in a local spatial and short-term temporal sense, and does not refer to a continental-scale background. This background likely is influenced by urban plumes from other nearby and distant cities, or even recirculation of ozone produced from the same city on an earlier day. The contribution of the local ozone formation is then defined as the difference between this background ozone and the maximum 8-h average ozone reported from the surface monitoring network within that urban area. The contribution of the regional transport of ozone is also estimated from 8-h average ozone measured at a monitoring site on the upwind side of the urban area, although with less confidence owing to the relatively sparse coverage of the monitoring network. The results from these two methods of determining the regional transport contribution are compared. Model-predicted ozone concentrations show agreement with the measurements on the importance of regional transport of ozone relative to local ozone formation. The model's ozone source apportionment capability is used to determine the geographic regions contributing to high-ozone days in Dallas. The results show that these two major metropolitan areas in Texas can be brought close to exceeding the 8-h National Ambient Air Quality Standard for ozone of 0.08 ppm solely by the ozone contribution of regional transport before additional contribution from local sources. Instrumentation aboard both aircraft included 1-Hz measurements of O 3 by NO-induced chemiluminescence (CL). The 1-Hz O 3 CL measurements aboard the Electra were calibrated by and compared to a separate TEI model 49 UV-absorption instrument on the Electra in 2000, and compared to additional UV-absorption measurements during overflights of an instrumented ground site. These comparisons showed the 1-Hz O 3 measurements to be accurate within the stated uncertainty of ± (0.3 ppbv + 3%) [Ryerson et al., 1998 ]. The 1-Hz O 3 measurements aboard the WP-3D in 2006 were made using a newer CL instrument; its calibration was quantified using a custombuilt UV photometer to perform routine, in-flight standard addition of ozone to the CL instrument inlet. Comparisons of the newer CL instrument performance to the NOAA ER-2 UV ozone photometer in the lab, and to a NASA DC-8 CL instrument in flight, suggest the 1-Hz O3 measurements in 2006 are accurate to the stated uncertainty of ± (0.050 ppbv + 3%).
Description of Analysis
[8] During each of the TexAQS field studies, several aircraft flights were conducted to characterize the ozone distribution upwind, across, and downwind of the HoustonÀGalveston Bay (HGB) and DallasÀFort Worth (DFW) metropolitan areas. Figures 1 -4 illustrate the flight paths for the four flights that were conducted on the two flight days in each urban area when the highest 8-h maximum ozone averages were reported from the monitoring network in the respective urban area. These flights characterize the upwind ozone distribution transported into the urban areas as well as the downwind transport of the ozone plume produced by the urban area. The goal here is to derive the best possible approximation of the average background ozone concentration that was transported into the urban area on the day of the flight. Each of these four flights is from the 2000 field study when higher ozone concentrations were observed. The following paragraphs discuss the derivation of the average background ozone transported into the respective urban areas for each of these four example flights. They are discussed in order of increasing complexity of the analysis. These four examples serve to exemplify the analysis of all 21 flights, which were conducted in a similar manner. Generally, the background ozone is taken to be the average upwind ozone concentration, with relatively minor adjustments made for the ozone entrained into the boundary layer as its depth evolves through the day. This entrainment is estimated from a few vertical profiles conducted by the aircraft during the urban characterization transects. These profiles were often not conducted at the same location and time as the upwind transect, but they do serve to adequately quantify the small boundary layer evolution adjustment.
[9] The analysis is most straightforward for the Dallas flight of 7 September (Figure 1 ). The wind direction in the convective boundary layer (CBL) was generally east-northeasterly (66 ± 18°: average and standard deviation here and elsewhere) and steady (4.8 ± 1.2 m/s) throughout the flight track shown. Two double (up and back down) vertical profiles (positions indicated by ovals in Figure 1 ) indicate that the CBL was well-developed with a relatively stable height near 2.5 km throughout this midday flight. Figure 1 (right) shows the measured vertical profiles with the same color-coding as the flight track. Thus, the profiles conducted at different locations can be distinguished by the color if significantly different ozone concentrations were measured. The measured ozone concentration varied across the upwind transect, and was approximately 8.5 ppbv higher on the north side of the city. This difference is preserved as the air passes over the Dallas urban area as indicated by the difference in the two vertical profiles (Figure 1, right) . The best estimate of the background ozone concentration (62.3 ppbv) transported into the DFW urban area is taken to be the average of the ozone measured during the two indicated flight segments on the upwind transect. The ozone concentration between these two segments is not included in the background average since it was higher, presumably owing to photochemical formation from local precursors emitted over the outskirts of the Dallas urban area. The downwind urban plume reached maximum average ozone concentrations of 99 ppbv in the central %75 km width of the plume transect conducted near 14:00 local standard time (LST), and the maximum 8-h average ozone (84 ppbv) was reported at the Fort Worth Northwest monitor on the downwind side of DFW within that observed ozone plume.
[10] For the Houston flight of 6 September ( Figure 2 ) evaluation of the effect of increasing CBL depth must be made. In the boundary layer the wind direction was again generally east-northeasterly (69 ± 18°), with the wind speed gradually increasing from 4.6 ± 1.2 m/s on the east transects to 7.2 ± 1.3 m/s on the west transects. The average ozone concentration in the CBL and in the marine boundary layer (MBL) through the upwind transect were quite similar as indicated in Figure 2 . However, above the top of the boundary layer at about 1.3 km, the ozone concentration was somewhat larger, and over the urban area the CBL increased to about 2 km depth. Since the air above the boundary layer is mixed down as the boundary layer grows, a height-weighted average of the ozone concentration through the lower 2 km on the upwind transect is taken as the best estimate of the background ozone concentration (65.4 ppbv) transported into the HGB urban area. A similar evaluation of the depth of the CBL upwind and over the urban area was made for each flight, and all estimated background ozone values are a height-weighted average over the CBL depth over the urban area. In Figure 2 a clearly defined ozone plume propagated downwind from the Houston Ship Channel (HSC) area. During the transect conducted near 14:00 LST the plume averaged 134 ppbv ozone over a width of about 16 km (much narrower than the relatively broad Dallas plume in Figure 1 ), and reached a maximum 1-s average ozone concentration of 157 ppbv. The maximum 8-h average ozone (123 ppbv) was reported from a station on the downwind side of HGB directly in the path of the observed ozone plume.
[11] For the Dallas flight of 23 August ( Figure 3 ) determination of the appropriate background ozone concentration transported into the DFW urban area is more difficult because a strong gradient in the ozone concentration was observed during the upwind transect. On this flight the boundary layer winds were south-southwesterly (156 ± 25°) and the speed increased from 2.3 ± 0.9 m/s on the first transect to 5.8 ± 1.3 m/s on the later two transects. There was a difference of 23 ppbv in the average ozone concentration between the two upwind flight track segments illustrated. The average of these two averages (with a small correction for the illustrated change in the CBL depth) is taken as the best approximation of the background ozone concentration (71.4 ppbv) transported into the DFW urban area. Again, the Dallas urban plume was broad, averaging 119 ppbv over about 70 km width (maximum 1-s ozone average concentration of 129 ppbv) in the transect with the strongest violet color, and the maximum 8-h average ozone (98 ppbv) was reported from a station on the north side of DFW. This maximum 8-h average ozone is clearly located to the north side of the urban area where the background air with the highest ozone concentrations entered the city. [12] On the Houston flight of 30 August (Figure 4 ) a lower background ozone concentration was observed, but very high maximum ozone concentrations were reached during the day. Overall the winds were from the northwest, but they were quite variable owing to a land-sea breeze cycle that developed on that day. The ozone concentrations northwest of the HGB urban area were low (34.1 ppbv) but higher aloft (65 ppbv), which yields 41.0 ppbv as the best estimate of the background ozone concentration transported into the HGB urban area. The urban plume reached maximum 1-s average ozone concentrations of 223 ppbv very close to the two surface stations that recorded the highest maximum 8-h average ozone concentrations (117 and 144 ppbv). These maximum 8-h average ozone concentrations occurred very close to the HSC under these light and variable wind conditions. Banta et al. [2005] discuss the role of small-scale meteorological processes that lead to the production of these very high, local ozone concentrations.
[13] The background ozone concentration transported into the HGB or DFW urban area was calculated in a similar manner for each of the 21 flights that investigated these two urban areas. In each case, flight segments from an upwind transect provided an estimate of the background ozone concentration in the CBL. In cases when the CBL reached to higher elevations over the urban area than was the case upwind, then an height-weighted average of the ozone concentration within and above the CBL in the upwind region was taken as the best estimate of the background ozone concentration transported into the respective urban area.
Ground Level Monitoring Data
[14] The Texas Commission on Environmental Quality (TCEQ) in cooperation with other state and local entities maintains an extensive network of Continuous Ambient Monitoring Stations (CAMS) in Houston and Dallas. These monitors measure ambient ozone concentrations. The TCEQ calculates the daily maximum 8-h average ozone for each CAMS monitor according to EPA guidelines and places these averages on their website (http://www.tceq.state.tx.us/ cgi-bin/compliance/monops/8hr_monthly.pl). The background ozone concentrations estimated from the aircraft data were subtracted from the TCEQ monitor network daily maximum 8-h average ozone to determine the local contribution of the metropolitan area to peak ozone on each flight day. The aircraft estimates of the regional background ozone are compared with estimates of the regional background determined from surface monitor measurements.
[15] The Houston and Dallas surface monitoring networks are relatively dense, with monitors located on the perimeter of each metropolitan area as well as in the urban core. Depending upon the wind direction, specific outlying monitors may be used to determine the regional background ozone concentration upwind of the city. Nielsen-Gammon et al. [2005] have investigated which outlying monitors provide a reliable estimate of regional background ozone. They excluded some monitors in each area that were determined to be overly influenced by local sources of emissions. For example, on the days of the 8 TexAQS 2000 aircraft flights over Houston, the Clute ozone monitor always recorded the lowest maximum 8-h average ozone regardless of wind direction, and was often significantly lower (by as much as 24 ppb) than the monitor recording the next lowest maximum 8-h average ozone value. Nielsen-Gammon et al. [2005] found that the Clute monitor is likely influenced by emissions from a nearby petrochemical processing facility, and does not give reliable estimates of the background ozone. Nielsen-Gammon et al. [2005] have developed a list of monitors in the Dallas and Houston areas that are relatively free of the strong influence of fresh emissions from local sources, are located on the periphery of the metropolitan areas, and may be used to estimate the background ozone. The lowest maximum 8-h ozone reading among the monitors on this list on a given day was taken to be representative of the regional background; these values were used for comparison with aircraft-and model-derived estimates of background ozone. The monitors used to estimate the background ozone are shown in Figure 5 .
Photochemical Grid Model
[16] In this section, we present an overview of the Comprehensive Air Quality Model with Extensions (CAMx) photochemical grid model [Environ, 2007] , which was used to investigate the relative contributions of regional and local ozone in the DallasÀFort Worth area. CAMx is a KEMBALL-COOK ET AL.: REGIONAL TRANSPORT AND LOCAL OZONE IN TEXAS three-dimensional photochemical grid model, and simulates physical and chemical processes governing the formation and transport of ozone, particulates, and toxics in the troposphere. Version 4.30 of CAMx, which is available at www.camx.com, was used for this study. The model was exercised on two nested domains shown in Figure 6 . A Lambert Conformal grid with horizontal resolution of 36 km covered much of the eastern United States. A two-way nested fine grid was placed over East Texas and nearby states; the horizontal resolution of each cell on the fine grid was 12 km Â 12 km. The layer depth varied with height. The model's vertical resolution was finest near the ground, with a 36 m surface layer, and extended to the lower stratosphere in 20 layers. The vertical structure was the same on the 36 km and 12 km grids.
[17] The CAMx model input data were originally developed for regulatory modeling of visibility and particulate matter in the Central U.S. Meteorological data for CAMx were developed using the Pennsylvania State University/ National Center for Atmosphere Research Mesoscale Model version 5 (MM5) [Dudhia, 1993] for the Central Regional Air Planning Association (CENRAP) by the Iowa Department of Natural Resources using the MM5 [Johnson, 2004] . The MM5 provides CAMx with hourly, gridded data for wind vectors, pressure, temperature, diffusivity, humidity, clouds and precipitation. Emissions of VOC, NO x , CO, SO 2 , NH 3 and aerosols were developed from the Environmental Protection Agency's 2002 National Emissions Inventory. Biogenic emissions were determined using the GloBEIS model [Yarwood et al., 2003 ] with MM5 temperatures and solar radiation derived from analysis of GOES satellite data and land use/land cover data developed by the TCEQ. The modeling was performed using the Carbon Bond 4 chemical mechanism [Gery et al., 1989] with updates to extend the inorganic reactions and add NO x recycling reactions [Yarwood et al., 2005] .
[18] Model ozone transport was analyzed using the CAMx Anthropogenic Precursor Culpability Assessment (APCA) ozone source apportionment tool [Environ, 2007] . APCA uses tracers (tagged species) to track precursor emissions and ozone formation within the CAMx model and can attribute ozone production by geographic region and emissions category [Dunker, 2002; Environ, 2007] . Tracers are emitted along with ozone precursors, and travel with them as the precursors are transported within the modeling domain. If the emitted precursors are involved in ozone formation, ozone tracers are generated in the grid cell where that formation occurs, and the ozone tracers are then tracked as well, undergoing transport and destruction along with the modeled ozone. The precursor and ozone tracers are spectators to the model integration, and do not affect its outcome; their source-receptor relationships are consistent with those of the chemical species they follow in the model. In this way, the source apportionment tool takes into account the nonlinear photochemistry of ozone formation and the mechanisms of ozone transport and destruction.
[19] APCA differs from the standard CAMx Ozone Source Apportionment Tool (OSAT) [Environ, 2007] in recognizing that certain emission groups are not controllable (e.g., biogenic emissions) and that apportioning ozone production to these groups does not provide information that is relevant to development of control strategies. To address this, in situations where OSAT would attribute ozone production to noncontrollable (i.e., biogenic) emissions, APCA reallocates that ozone production to the controllable portion of precursors that participated in ozone formation with the noncontrollable precursor. For example, when ozone formation is due to biogenic VOC and anthropogenic NO x under VOC-limited conditions (a situation in which OSAT would attribute ozone production to biogenic VOC), APCA redirects that attribution to the anthropogenic NO x precursors present. The use of APCA instead of OSAT results in more ozone formation attributed to anthropogenic NO x sources and less ozone formation attributed to biogenic VOC sources, but generally does not change the partitioning of ozone attributed to local sources and the transported background for a given receptor.
Results

Aircraft Results for Houston
[20] Aircraft measurements were made in the HoustonÀGalveston Bay (HGB) area on 17 days during 2000 and 2006. Of these 17 days, 10 qualified as 8-h ozone exceedance days since the daily maximum 8-h average ozone in the HGB area was greater than 84 ppbv. Figures 7  and 8 show the apportionment of the maximum 8-h average Figure 7 , the vertical axis shows the maximum 8-h ozone concentration among all monitors in the TCEQ monitoring network in the HGB area on the day of the aircraft flight; the horizontal axis shows the calculated contribution from local HGB sources derived from the difference between the measured 8-h peak and the background determined from aircraft measurements as described above. The local contribution ranged from 8 to 103 ppbv on the flight days. There is a significant contribution from regional background ozone, which ranged from a minimum of 22 ppbv to a maximum of 72 ppbv. This background maximum concentration can lead to an exceedance of the 8-h ozone NAAQS with a relatively small additional contribution of 13 ppbv from local sources, neglecting removal and destruction of the transported ozone. The linear least squares fits give slopes near unity for the separate years (0.93 with r 2 = 0.77 for 2000 and 0.91 with r 2 = 0.17 for 2006), and for the total data sets (1.0 with r 2 = 0.68). The fact that the slopes are near unity suggests that the local and transported background contributions are largely independent of one another in the HGB area.
[21] Figure 8 shows the local contribution and the transported contribution to the daily maximum 8-h ozone over HGB on the day of the flights. Data from the TCEQ monitors as well as the aircraft measurements are displayed. r 2 = 0.0004 for the entire aircraft data set, and r 2 = 0.07 for the TCEQ data. The small values of r 2 in Figure 8 support the finding noted above that the local and transported background contributions are independent for the entire data set on the HGB flight days.
[22] We averaged the values of the local and background contributions derived from the aircraft data for all flights that occurred on exceedance days in 2000 and 2006 in order [24] We average the monitor data for the 2000 and 2006 exceedance days that coincided with aircraft flights, as was done with the aircraft data, above. For 2000, the average background contribution derived from the monitor data was 54 ppbv, which is within 3 ppbv of the aircraft estimate of this quantity. The average local contribution estimated from the monitor data is 60 ppbv, which is likewise within 3 ppbv of the average local contribution derived from aircraft data. For 2006, the monitor data indicate that contributions from local sources and the transported background are 33 and 58 ppbv, respectively, and the corresponding values from the aircraft data are 31 ppbv and 60 ppbv. The aircraft and monitor data, therefore, show good agreement on the relative contributions of local sources and the regional background to the average exceedance day in both 2000 and 2006.
Aircraft Results for Dallas
[25] Only four flights were made over the DallasÀFort Worth (DFW) region, two in 2000 and two in 2006. The only one of these days when the DFW area had an exceedance of the ozone NAAQS with a peak value of 98 ppbv is 23 August 2000. On that day, the background ozone transported into Dallas was 71 ppbv or 72% of the total measured maximum 8-h ozone concentration. The 71 ppbv contribution due to transport brought the monitor to within 13 ppbv of the 84 ppbv NAAQS.
[26] The results from the DFW aircraft flights are summarized in Figure 9 Findings from the Second Texas Air Quality Study (Tex-AQS II) www.tceq.state.tx.us/assets/public/implementation/ air/am/texaqs/rsst_final_report.pdf). Each of the 4 days shows a significant impact from regional transport, which ranged from 40 to 71 ppbv, while the local contribution ranged from 17 to 27 ppbv. As in Houston, the aircraft data show that transported ozone can bring the Dallas area close to an 8-h exceedance before the additional contribution from local emissions. The positive slope in Figure 9 shows that the value of the 8-h daily maximum ozone increases as the transported background ozone increases. Note that it is not possible to draw broad conclusions regarding the relative importance of the transported and local contributions from the DFW flights because of the small number of data points.
[27] As for Houston, comparison with TCEQ monitor data shows reasonable agreement. The maximum difference between the aircraft and monitor-derived estimates of the background ozone was 8 ppbv. The slopes (1.7 with r 2 = 0.62 for the aircraft data versus 1.5 for the monitor data) agree within 12%. This suggests that the aircraft and monitor estimates of the regional background are reasonably consistent. The slopes for both the aircraft and monitor data are both significantly different from 1, suggesting that the local and transported contributions are not independent, as was the case for the Houston flight days. When the Dallas local and transported contributions are plotted against one another as was done for Houston in Figure 8 , r 2 = 0.22 for the aircraft data and r 2 = 0.46 for the TCEQ monitors ( Figure 10 ). This confirms that on the aircraft flight days over Dallas, the local and transported contributions were not independent of one another.
Modeling Results for Dallas
[28] The CAMx model has been used to investigate the origin of transported ozone and precursors from regions outside of the DallasÀFort Worth area. The benefit of using a model is that source attribution for an ozone exceedance at a particular monitor is possible. The contributions of local and regional sources can then be separated and compared, and the model contributions can be compared with those derived above from the aircraft and surface monitoring data.
Source Apportionment for a Single Exceedance Day
[29] We focus first on a single DFW 8-h ozone exceedance day (7 August 2002) in order to show an example of source apportionment using CAMx. The CAMx APCA tool was used to perform source apportionment at the time of peak modeled ozone at the DFW area monitor with the highest 8-h ozone concentration. Figure 11b displays the modeled ozone transport contributions from the major source regions; for the sake of clarity, we include only source regions that contributed ! 1 ppbv ozone. The source regions are shown in Figure 6 .
[30] We compare air parcel back trajectories with the APCA analysis in order to assess whether there is agreement between the back trajectories and the model's estimate [31] On 7 August 2002, the peak ozone measured by the regional monitoring network was 106 ppbv at the Fort Worth NW monitor at 1400 local time. The background concentration was approximately 69 ppbv as measured at the Frisco monitor. The local DFW contribution derived from the TCEQ monitor data is therefore 37 ppbv. The modeled peak of 95 ppbv is 11 ppbv lower than the observed peak. The modeled DFW contribution of 36 ppbv agrees well with the monitor-derived DFW contribution, and shows that the model's underestimate of the peak ozone is due to its underprediction of the contribution of the transported background ozone (59 ppbv predicted versus 69 ppbv at the Frisco monitor).
[32] The HYSPLIT 5-day back trajectories cross Northeast Texas, Arkansas, and Tennessee, extending to the midAtlantic region; the CAMx modeling finds these same regions contributing to the Dallas area 8-h ozone exceedance at the Fort Worth NW monitor on 7 August 2002. There is also a significant contribution from biogenics. uncertainty in this analysis. Model performance for ozone and some precursors was evaluated in detail and was found to be reasonably good for the DFW area and Northeast Texas on days of interest when the maximum 8-h ozone was higher than 80 ppbv Kemball-Cook et al., 2006] . Figure 12 shows a measure of the model performance on the 12 km grid in the DFW region. For each day during the entire summer modeling period, the modeled and observed DFW area maximum 8-h ozone are plotted against one another. Each point on the plot corresponds to an observed and modeled concentration pair at the specific monitor and time that reported the day's maximum 8-h average ozone. In Figure 12 , good performance would be characterized by most of the scatterplot points lying close to the 1:1 line and preferably within the ± 20% lines. The model tends to overpredict the daily peak ozone values, and this tendency is more pronounced at monitored values below 80 ppbv. When the monitored values are higher than 80 ppbv, the modeled/observed points generally fell within the ± 20% lines.
[34] CAMx was run with a constant boundary condition of 40 ppbv ozone, which makes it difficult for the model to reproduce observed ozone concentrations on days when particularly clean air was transported into the Dallas area. In Figure 12 , there are more than 25 data points with 8-h average ozone from the TCEQ monitors lower than 55 ppbv, but CAMx simulated ozone this low for very few of them. To accurately simulate low-ozone days, a time-varying boundary condition based on observed conditions or a global model simulation would be required.
[35] Local and regional transport contributions to Dallas area ozone were quantified for the summer ozone season and the contributions of individual geographic regions were calculated using the APCA source apportionment tool. The source regions used in the APCA analysis are shown in Figure 6 . For each day during the summer of 2002, the APCA tool was applied for the time of the maximum modeled 8-h ozone value at the monitor with the highest observed daily maximum 8-h ozone concentration; the contribution of each source region to the peak ozone at that monitor was determined. The APCA source apportionment results are shown along with the aircraft and monitor data in Figure 13 . The model result for each day is shown as a purple diamond; for these points, the vertical axis is the modeled DFW maximum 8-h average ozone, and the horizontal axis is the modeled local DFW contribution. For the aircraft and monitor data, the vertical axis is the DFW maximum 8-h average ozone derived from the TCEQ monitor network. The monitor data are shown as blue crosses, and aircraft data are as in Figures 7 and 9 .
[36] Figure 13 compares the ozone apportionment in the DFW area from 2000 and 2006 aircraft data, the CAMx model results for 2002, and the TCEQ monitor data for 2002. The slopes of the linear fits to the aircraft data (black line, slope = 1.7 with r 2 = 0.62) and to the TCEQ monitor data (blue line, slope = 1.7 with r 2 = 0.66) are in excellent agreement, but this is inconclusive since the aircraft slope is poorly defined by the four available flights and the limited surface monitoring network may not have the spatial resolution to characterize either the upwind background or downwind maximum ozone on any given day. The aircraft line does lie about 15 ppbv above the TCEQ monitor data. However, Figure 9 shows good agreement between the results from the aircraft and the TCEQ monitor data on the specific days of the flights, which indicates that the aircraft data were all collected on days of particularly large contributions from regional transport. The slope of the linear fit to the CAMx APCA data (purple line, slope = 1.2 with r 2 = 0.88) is approximately 30% lower than those derived from the measurements. This lower slope is due to both the tendency of the model to overpredict the daily peak ozone values particularly below 80 ppbv (see discussion of Figure 12 above), and a tendency of the model to overpredict the local DFW contribution on days of higher peak ozone, even though it predicts the total peak ozone with reasonable accuracy. For values of maximum 8-h average ozone between approximately 55 ppbv and 90 ppbv, the CAMx results and the monitor data generally overlap. The best fit lines for all three data sets have positive slopes, indicating that the value of the 8-h daily maximum ozone increases as the transported background ozone increases.
[37] Statistical descriptions of a hypothetical average exceedance day for the DFW area can be developed from the monitoring data and from the CAMx APCA model results. The DFW area had 35 days during the period 1 June to 30 September 2002 with monitored 8-h ozone levels greater than 84 ppbv. For these 35 days the average apportionment of the maximum 8-h average ozone between local production and regional transport was derived from the model and the monitoring data. Table 1 compares the results. On average the model overestimated the total ozone by about 5% (101 versus 96 ppbv) and attributed a significantly lower fraction to regional transport (54% versus 65%) and a correspondingly higher fraction to local production (46% versus 35%). This 2002 average exceedance day may be compared with the 23 August 2000 flight, which was the sole aircraft flight made on an ozone exceedance day. This day had a nearly average maximum 8-h ozone average of 98 ppbv, and the aircraft measurements showed an even greater importance of regional transport (72%) compared to local production (28%).
[38] The CAMx APCA model, TCEQ monitoring data and aircraft results all agree that on an average exceedance day, regional transport brings the DFW area to within 20 to 30 ppbv of an exceedance of the NAAQS for ozone. Transport and local production both played a critical role in determining the peak ozone in DFW on exceedance days during 2002.
[39] The APCA results for the average exceedance day may be analyzed to determine the origins of the transported ozone. The average modeled transport contribution from all other parts of Texas was 9 ppbv, and there were days when northeast Texas, the Houston area, south Texas, and central Texas individually made contributions as large as 13 ppbv. The boundary conditions accounted for an additional 20 ppbv. The boundary conditions can be a major contributor because there is assumed to be a tropospheric background ozone concentration of approximately 40 ppbv, so that air with 40 ppbv ozone concentration is constantly advected into the domain through the model boundaries.
The APCA boundary contribution is less than 40 ppbv due to chemical destruction of ozone and its deposition to the earth's surface. The average modeled transport contribution from other states was 25 ppbv, and the largest contributing states were Louisiana (4 ppbv) and Arkansas (4 ppbv), with contributions of approximately 2 ppbv each coming from Mississippi, Oklahoma, Alabama, Tennessee, and the midAtlantic states.
Discussion
[40] We have utilized three approaches to approximately apportion the maximum 8-h average ozone between that transported into, and that produced from local precursor emissions within the Houston and Dallas urban areas. These three approaches include analysis of CAMx model calculations, aircraft measurements and surface monitoring data. The main conclusion from this study is that these two major metropolitan areas in Texas can be brought close to exceeding the 0.080 ppm 8-h ozone standard solely from the ozone contribution from regional transport and before any contribution from local sources. The implementation of the recently revised NAAQS to 0.075 ppm, which effectively reduces the standard by 10 ppbv, will further strengthen this 
